The pink shrimp (Farfantepenaeus duorarum) is an ecologically and economically important penaeid species in the southeastern United States. The biological and economic importance of this species prompted us to conduct a molecular genetic assessment of pink shrimp genetic diversity and population genetic structure. We sequenced a 558-base portion of the mitochondrial DNA (mtDNA) control region from pink shrimp collected at five locations ranging from North Carolina to south Texas. Haplotype and nucleotide diversity values in pink shrimp are among the highest yet reported for decapods. In our samples, all haplotypes were unique, and the average nucleotide diversity was approximately 2%. Nucleotide divergence between haplotypes ranged 0.2-3.9%. A mismatch analysis produced a unimodal distribution of pairwise differences between haplotypes that is consistent with a historic rapid population expansion. A population expansion, high mutation rate in the control region, and large population size all probably contributed to the development of high genetic diversity. This level of genetic diversity suggests that the mtDNA control region might be useful as a genetic marker in peneaid shrimp used for aquaculture. We detected no population differentiation, suggesting that long-term dispersal and gene flow are high enough to maintain a genetically homogeneous population structure over the geographic distances used in this analysis. The continuous distribution and high numbers of pink shrimp around south Florida likely have contributed to the genetic homogeneity observed in pink shrimp inhabiting the Atlantic Ocean and Gulf of Mexico. These data provide a baseline from which the genetic diversity and population structure of pink shrimp, which are highly exploited and vulnerable to the varied impacts of regional shrimp aquaculture, can be appraised in the future.
Shrimps of the family Penaeidae are an ecologically diverse group of species that inhabit estuarine and marine environments throughout many of the world's oceans (Williams, 1984; Pérez Farfante and Kensley, 1997) . Penaeids support some of the most valuable fisheries in the world and are cultured extensively (Notarianni, 1998; Polanco, 1998) . Because of their ecological and economic importance, these shrimp species are the focus of considerable biological and genetic research.
In studies of the population genetics and systematics of morphologically and ecologically similar penaeids, the application of molecular genetics techniques has proven to be especially useful. These techniques have allowed refinement of the taxonomic status of species (Baldwin et al., 1998; Maggioni et al., 2001) , identification of new species (Gusmão et al., 2000) , evaluation of interspecific hybridization (Benzie et al., 1995) , and the development of genetic markers for aquaculture (Moore et al., 1999) . In addition, molecular genetic assessments of penaeid species have been used to quantify genetic diversity (García-Machado et al., 2001; Klinbunga et al., 2001) and to detect intraspecific population genetic structure (Aubert and Lightner, 2000; Brooker et al., 2000; Benzie et al., 2002) .
Assessments of intraspecific genetic diversity and population genetic structure provide data of biological and evolutionary interest and are invaluable for the successful conservation or management of exploited species. For example, Brooker et al. (2000) detected a potential differentiation of stocks of Penaeus monodon in northeastern Australia, in addition to confirming the existence of discrete stocks in western and northern Australia. From a biological perspective, this assessment implied the presence of barriers to gene flow that were not readily apparent and helped to identify potential sites of historic refugia. From a management perspective, the assessment provided genetic stock information essential for fisheries management and aquaculture purposes.
The pink shrimp Farfantepenaeus duararum (Burkenroad, 1939) is an ecologically and economically important penaeid species in the western Atlantic. Pink shrimp range from the lower Chesapeake Bay, Maryland, U.S.A., to the tip of the Yucatán Peninsula, México, and have major centers of abundance along the west coast of Florida, in the Bay of Campeche, and, to a lesser degree, off the coast of southern North Carolina (Williams, 1984) (Fig. 1) . In general, the centers of abundance coincide with the geographic distribution of the shell/sand substrate preferred by adults (Williams, 1984) and the seagrass environments required for juvenile development (Costello and Allen, 1970) . The life cycle of the pink shrimp includes both oceanic and estuarine phases. The benthic adults inhabit nearshore and offshore waters to depths of about 65 m; they burrow into the substrate during the day and emerge at night to feed (Williams, 1984) . Spawning occurs in offshore waters, and the larvae are planktonic for 3-4 weeks before they move into estuaries, where they enter the juvenile stage; they assume a benthic lifestyle in estuaries for the next 2-6 months and then migrate seaward to join the adult population (Pattillo et al., 1997) . Movement is principally onshore-offshore, except in the western Gulf of Mexico, where adult pink shrimp have been reported to move alongshore (Klima et al., 1987) . This species is extensively fished; nearly 6 million kg of pink shrimp, with a dockside value of about $35 million, were landed in the United States in 2000 (personal communication from the National Marine Fisheries Service, Fisheries Statistics and Economics Division, Silver Spring, Maryland).
Penaeids show a wide range of patterns of intraspecific population genetic structure, from no apparent structure over thousands of kilometers to significant structure over hundreds of kilometers (reviewed in Benzie, 2000; Brooker et al., 2000; García-Machado et al., 2001; Klinbunga et al., 2001; Benzie et al., 2002; McMillen-Jackson and Bert, 2003) . Benzie (2000) suggested that much of the genetic structure observed in penaeids has resulted due to historic events, although present-day barriers to gene flow have been suggested as factors for some penaeid species (Aubert and Lightner, 2000, García-Machado et al., 2001) . The brown shrimp F. aztecus and the white shrimp Litopenaeus setiferus, two penaeid species sympatric to the pink shrimp in the waters of the eastern United States, showed dissimilar patterns of phylogenetic and population genetic structure (McMillen-Jackson and Bert, 2003) . The development of these different patterns was attributed to the influence of species-specific differences in physiological tolerances and habitat preferences on historical population demography. Such studies of sympatric species may provide valuable information on the factors that influence the development of population structure (Avise, 1998) .
The study of sympatric species is particularly relevant to marine and estuarine species in the southeastern U.S.A., many of which show genetic breaks between putative Atlantic Ocean (Atlantic) and Gulf of Mexico (Gulf) populations (e.g., Avise, 1994 and references therein; Tam et al., 1996; Herke and Foltz, 2002) ; the exact locations of the breaks vary with species, but usually occur in southeast Florida. Avise (1992) attributed the concordance of some of these patterns to a shared history of population isolation and genetic differentiation in estuarine refugia located in the Atlantic and in the western Gulf and separated by the emerged Florida peninsula during glacial periods, but noted that no particular feature of population size, life history, or dispersal ability seemed to characterize the taxa that showed genetic differentiation. The pink shrimp range spans the Florida peninsula; thus, this species may also show a genetic break. The objective of this study was to assess pink shrimp genetic diversity and population genetic structure using sequence analysis of a portion of the mitochondrial DNA (mtDNA) control region, a genetic marker that has been used in numerous intraspecific studies. We discuss the results with regard to the biological and geological factors that influence population structure, and potential implications for the management of the species as a resource.
MATERIALS AND METHODS

Sample Collection
Pink shrimp were collected from inshore and nearshore sites at five locations ranging from North Carolina to south Texas (Fig. 1) . In most cases, shrimp were captured in trawls, frozen, and sent to our laboratory in St. Petersburg, Florida. The shrimp averaged 103 mm (SD ¼ 28) in total length, and had a range of 68-197 mm. Muscle tissue was sampled from frozen or iced shrimp and was immediately frozen in liquid nitrogen; these samples were stored at À808C. We isolated DNA from the shrimp tissue according to the methods of Bert et al. (1996) .
Amplification and Sequencing
We amplified the putative pink shrimp control region in a 50-lL reaction volume of 1X Taq polymerase buffer containing 0.6 units of Taq polymerase (Promega), 2.5-mM MgCl 2 , 0.2-mM of each dNTP, 0.1-lg/lL BSA, and 6.25-pmol of each primer 12S-2 (59-AAGAACCAGCTAGGA-TAAAACTTT-39) and Ile-3 (59-GCTTACATGTTCTA-CCCTATCAAG-39). The primers were derived from the 12S rRNA and tRNA
Ile genes that flank the control region in penaeids (García-Machado et al., 1996) ; the primer sequences were provided by S. Lavery, and the 12S-2 primer sequence was published in Chu et al. (2003) . The thermal profile for the amplifications was one cycle of three minutes at 948C; 40 cycles each of 30 seconds at 948C, 30 seconds at 558C, and 90 seconds at 728C; and a final cycle of seven minutes at 728C. We cleaned the PCR products of excess dNTPs and amplification chemicals using the Strataprep PCR Purification Kit (Stratagene). The PCR products were prepared for sequencing using the dRhodamine Ò or Big Dye Cycle Sequencing Ò kits, according to manufacturer's directions. The cycle-sequencing products were cleaned by ethanol precipitation, and the sequences were determined by running them on a Prism 310 Genetic Analyzer (Applied Biosystems, Inc.). In addition to 12S-2 and Ile-3, the species-specific internal primers pmt-f (59-TGGTCAAGGGTATRTATG-39) and pmt-r (59-ATAGGG-TCTTCTTTTTGA-39) were developed and used to sequence a 558-bp segment of the control region in both forward and reverse directions.
Data Analysis
We aligned the sequences using ClustalX (Thompson et al., 1997) and by eye. Data analyses were performed using Arlequin, Version 2.0 (Schneider et al., 2000) except where noted. The nucleotide composition, number of transitions/ transversions/indels, number of haplotypes, and haplotype diversity (h) and nucleotide diversity (p) values (Nei, 1987) were calculated for all sequences, and the total number of nucleotide differences, percent sequence divergence values, and Jukes-Cantor genetic distances (Jukes and Cantor, 1969 ; calculated using MEGA version 2.1; Kumar et al., 2001) were calculated between each pair of haplotypes. Sequence divergence values or Jukes-Cantor genetic distances are recommended for use when estimated distances are less than 0.05 (overall mean pink shrimp d ¼ 0.018, SD ¼ 0.003), regardless of transition/transversion biases or variable sitespecific substitution rates (Nei and Kumar, 2000) . To determine whether the sequences had reached substitution saturation, we plotted, separately, the number of transitions or transversions between haplotype pairs versus the pairwise Jukes-Cantor genetic distances. A linear distribution of points suggests that the sequences have not reached substitution saturation, whereas a distribution that reaches an asymptote suggests that some degree of saturation is present. We tested the haplotypes for the effects of selection using Tajima's (1989) test of selective neutrality.
To determine whether pink shrimp haplotype differences fit a model of sudden population expansion, we analyzed the data graphically using sequence mismatch distribution, in which the pairwise differences between haplotypes are plotted according to their relative frequency (Slatkin and Hudson, 1991; Rogers and Harpending, 1992) . A unimodal distribution indicates that the population may have experienced a rapid expansion in size, and estimates of the time since the population expansion (s) can be made from the mismatch data. s is measured in units of 1/2u generations; u is the mutation rate (l) multiplied by the number of nucleotides in the sequence (Schneider and Excoffier, 1999) .
To examine the phylogenetic relationships among haplotypes, we analyzed the data by the neighbor-joining method (NJ: Jukes-Cantor genetic distances) using MEGA and by the maximum parsimony (MP: heuristic search with the stepwise addition of haplotypes and the tree-bisectionreconnection branch-swapping algorithm) and maximum likelihood (ML: heuristic search with the stepwise addition of haplotypes and nearest-neighbor interchange branchswapping algorithm) methods using PAUP* (Swofford, 1998) . The ML analysis used settings derived from the GRRþGþI model of evolution in the program Modeltest, version 3.06 (Posada and Crandall, 1998) . Support for the tree nodes was assessed by the bootstrap method (NJ: 1000 replicates, MP: 1000 replicates, ML: 343 replicates).
We assessed the geographic structuring of collections by performing an analysis of molecular variance (AMOVA; Excoffier et al., 1992) to partition the total genetic variation into its variance components and to produce U ST statistics. U ST , analogous to Weir and Cockerham's (1984) F ST analog H, was calculated for all collections and, separately, for all pairs of collections. The statistical significances of the U ST values were tested by using permutation analyses (1023 permutations for overall values; 3024 permutations for pairwise values). The sequential Bonferroni test (Rice, 1989) was used to correct for multiple tests of the hypothesis that pairwise U ST statistics did not differ from zero. Next, we used the between-collection U ST values to generate a collection-level NJ tree in PHYLIP (Felsenstein, 1993) .
To determine whether there was a relationship between genetic distance and geographic distance, we used the Mantel test on matrices of standardized pairwise U ST values [U ST /(1-U ST )] and pairwise geographic distances (Slatkin, 1993; Rousset, 1997) ; statistical significance was determined by permutation analysis (1000 permutations). The geographic distance between each pair of collection locations was estimated by measuring linear map distance along the coastline.
RESULTS
Amplification of pink shrimp genomic DNA with the 12S-2 and Ile-3 primers produced a PCR product of approximately 1000 nucleotide bases in length. Identification of the fragment as the putative mtDNA noncoding control region was confirmed by comparing our sequence with that of F. notialis (see García-Machado et al., 1996) . We were able to obtain sequence data from all individuals for a 558-base segment of the control region adjacent to the 12S rRNA gene. The nucleotide composition of the fragment was A,T-rich (A:39%, G:11%, C:10%, T:40%), as is usual for this region in many invertebrate species (Simon et al., 1994) . These sequences have been deposited in GenBank under accession numbers AY156977 and AY347605-AY347676.
The sequences contained 129 polymorphic sites, which included 115 transitions, 22 transversions, and 3 indels. Each individual had a unique haplotype (h ¼ 1.0), and the overall p value was 1.8% (SD ¼ 0.9). The withincollection p values were similar for all collections and ranged from 1.4% (CZ) to 2.2% (GA); all standard deviations overlapped. The 73 haplotypes differed from one another by 1 to 22 mutations (mean ¼ 10; SD ¼ 5), and yielded pairwise nucleotide divergence values of 0.2-3.9%. The Tajima's D statistic was significantly negative (D ¼ À2.1, P , 0.01); therefore, we rejected the hypothesis of selective neutrality (this test assumes the population is at equilibrium). However, a significantly negative value may also be inferred as the genetic signature of a large population expansion (Aris-Brosou and Excoffier, 1996) .
The mismatch analysis (mean¼9.9, variance¼ 13.2) produced a unimodal distribution of pairwise differences (Fig. 2) consistent with the sudden population expansion model. s, the estimated time since the population expansion, was 7.7/2u generations (95% confidence intervals ¼ 5.3 and 10.5). McMillen-Jackson and Bert (2003) roughly estimated a mutation rate of 19%/ MY for the mtDNA control region of brown shrimp F. aztecus and white shrimp L. setiferus. Using this rate, we estimated that the pink shrimp population experienced a period of rapid growth approximately 36,000 (25,000-50,000) years ago.
Pink shrimp haplotypes showed no distinct phylogenetic structure. On all three trees, most branches collapsed due to bootstrap support of less than 50% (data not shown). Bootstrap support was greater than 50% for only a few pairs of haplotypes, and bootstrap values never exceeded 67%. The haplotypes NC-271 and NC-273 grouped together on all three trees with moderate bootstrap support (NJ: 67%, MP: 60%, ML: 63%). The haplotypes GA-4 and CZ-114 grouped together on the NJ tree with bootstrap support of 50% and on the MP tree with bootstrap support of 54%. Additionally on the NJ tree, GA-12 and FB-230 grouped together with 55% bootstrap support. There were no distinct geographical groupings of pink shrimp haplotypes.
We detected no genetic structuring of pink shrimp among the collections using AMOVA. Nearly all (>99%) of the genetic variation occurred within the individual collections, and the overall U ST value did not differ from zero (U ST ¼ 0.0008, P ¼ 0.44). Six of the pairwise U ST estimates were negative (Table 1) , indicating that the variation within collections was greater than the variation between collections, and none were statistically significant after correction for multiple tests (sequential Bonferroni table-wide a ¼ 0.005). In the NJ tree generated using pairwise U ST values, the collections did not group according to geographic location (data not shown). No relationship was found between genetic distance and geographic distance (r ¼ 0.55, P ¼ 0.1). 
DISCUSSION
The most obvious attribute of the pink shrimp mtDNA control region is its hypervariability. Although high mtDNA diversity seems to be characteristic of decapods, pink shrimp haplotype and nucleotide diversities are among the highest yet reported. These values are comparable to those derived from control region sequences of the brown shrimp (F. aztecus) and the white shrimp (L. setiferus) (McMillenJackson and Bert, 2003) . The lower mtDNA genetic diversity values reported for other decapod species may be, in part, due to the use of different genetic markers (i.e., conserved genes) or techniques (i.e., restriction fragment length polymorphism [RFLP] analysis) (e.g., Ovenden et al., 1992; Silberman et al., 1994; Lavery et al., 1996a; Zane et al., 2000) . This high level of genetic diversity suggests that the mtDNA control region in penaeids might be useful as a genetic marker for aquaculture purposes such as selective breeding, maintaining stock diversity, and distinguishing hatchery stocks from wild populations (Benzie, 1998; Shleser, 1998) .
Pink shrimp may have derived their high genetic diversity in the control region in part due to a combination of high mutation rate and large population size. Mutation rate and population size are the principal determinants of the number of neutral alleles that can be maintained in a population (Kimura and Crow, 1964) . A high rate of mtDNA mutation has been suggested to explain high genetic diversity and divergence in several other penaeid species (Palumbi and Benzie, 1991; Baldwin et al., 1998; Gusmão et al., 2000) . A high mutation rate (19%/MY) was recently estimated for the mtDNA control region of the brown shrimp (McMillen-Jackson and Bert, 2003) , and we might expect a similar mutation rate for the congeneric pink shrimp. With regard to population size, estimates for spawning stocks of pink shrimp and other penaeid species in the Gulf of Mexico alone number in the hundreds of millions of individuals, with annual recruitment estimates in the billions (Gracia, 1991; Nance, 2001) . Thus, these two factors likely have influenced the development and maintenance of high genetic diversity in this species.
A period of rapid population growth (sudden population expansion; Rogers and Harpending, 1992) could also have contributed to high genetic diversity in the pink shrimp. During rapid population growth, the rate of stochastic loss of haplotypes (lineage sorting) slows, thereby retaining more haplotypes than can be lost by genetic drift (Avise et al., 1984) . A unimodal mismatch distribution, such as we saw in the pink shrimp, can indicate historic population expansion, but it also may be due to factors such as heterogeneity of mutation rates among sites (Aris-Brosou and Excoffier, 1996) or a selective sweep, in which an advantageous haplotype attains a high frequency in a population (Di Rienzo and Wilson, 1991; Marjoram and Donnelly, 1994) . However, additional data support the suggestion of population expansion. Aris-Brosou and Excoffier (1996) showed that population expansion and rate heterogeneity have different effects on Tajima's D; a large population expansion results in a significantly negative D value, such as we saw in pink shrimp, whereas rate heterogeneity results in a positive D value. Also, estimated divergence times of numerous pink shrimp haplotypes (approximately 95,000 years ago: 1.8% mean nucleotide divergence value 4 19%/ MY 3 10 6 ; Wilson et al., 1985) predate the estimated time since the putative population expansion (about 25,000-50,000 years ago), thereby precluding a selective sweep by a single haplotype at the latter time period.
During the Pleistocene, environmental fluctuations directly affected the distribution and demographics of species worldwide (Hewitt, 1996) , and mismatch patterns (and presumed population expansions) similar to that of the pink shrimp have been described for numerous organisms (e.g., Lavery et al., 1996b; Hundertmark et al., 2002; Van Hooft et al., 2002) . In particular, both the brown shrimp and white shrimp, species sympatric with the pink shrimp in the waters of the eastern United States, showed evidence of historic population expansion during the most recent Pleistocene-era glacial period (McMillen-Jackson and Bert, 2003) . During this time (between about 12,000-75,000 years ago), sea level and climatic conditions fluctuated repeatedly and sometimes drastically (Chappell, 2002) , and environmental conditions in the eastern United States would not have been optimal for penaeids (relatively low sea levels, colder waters at lower latitudes, decreased rainfall and increased aridity, and fewer estuaries (Schubel and Hirschberg, 1978; Kennish, 1986; Otvos and Price, 2001) ). As a result, the geographic ranges and population sizes of these penaeids may have fluctuated extensively in magnitude, resulting in the genetic signatures of population expansions that we observed. No significant phylogenetic structure or population subdivision were detected for the pink shrimp. This pattern was similar to that of the brown shrimp, but differed from that of the white shrimp, which showed distinct genetic lineages and geographic structuring of haplotypes (McMillen-Jackson and Bert, 2003) . Although all three species seem to have experienced climate-induced demographic changes, when compared to the pink shrimp and brown shrimp, the white shrimp has habitat preferences and physiological tolerances (i.e., shallow habitat, no burrowing, greater reliance on lowsalinity waters, and less tolerance for cold (reviewed in Williams, 1984) ) that result in severe episodes of cold-related mortality and fluctuations in population size of greater frequency and magnitude.
The genetic homogeneity of pink shrimp populations over the geographical range that we studied indicates that long-term dispersal and gene flow is apparently high enough to widely distribute haplotypes, even between areas with relatively low pink shrimp abundance or over large geographic distances. The absence of an Atlantic-Gulf genetic break in pink shrimp is not surprising. Unlike some of the species that show a genetic break between putative Atlantic and Gulf populations (e.g., Felder and Staton, 1994) , pink shrimp have no habitat disjunction in south Florida that might serve as a barrier to gene flow. In fact, the greatest abundance of pink shrimp occurs in the carbonate sediments off the Florida peninsula, principally on the west coast and particularly in the Florida Keys (Rezak et al., 1985) . The continuous range of suitable pink shrimp habitat around the tip of Florida could provide a pathway for shortdistance dispersal of the benthic juveniles and adults. Biological and oceanographic data suggest that pink shrimp larvae spawned in the waters off the Dry Tortugas (west of the Keys) may be retained locally (Criales and Lee, 1995; Lee and Williams, 1999) . However, entrainment of even a small proportion of the abundant larvae in the strong, eastward-flowing Florida Current could maintain gene flow between pink shrimp in the Atlantic and the Gulf. In addition, the action of intermittent meteorological and oceanographic events (e.g., hurricanes) may result in some degree of Atlantic-to-Gulf transport (Pitts, 2001) , or vice versa.
When managing a species as a resource, the ability to assess population genetic diversity and structure can be a vital tool for maintaining a productive fishery (Seeb et al., 1990) . Severe population declines can be recognized by decreased genetic diversity (Glenn et al., 1999 ; but see Lavery et al., 1996b) . Although the large population sizes and high fecundities of exploited marine invertebrates tend to make these species less susceptible to population collapse, a combination of factors, such as over-fishing, disease, loss of habitat, and competition, can all contribute toward population decline (Hobday et al., 2001) . Our genetic assessment of pink shrimp provides a baseline from which pink shrimp populations can be appraised in the future.
The determination of genetic baselines for native penaeid shrimp species in the Gulf of Mexico was identified as a high priority by researchers and managers concerned with the potentially adverse consequences of shrimp aquaculture (McIlwain et al., 1996) . One risk is posed by the escape of exotic cultured shrimp into the wild, which has been documented in South Carolina, Georgia, and Florida (Benson et al., 2001) ; competition from exotic species could result in the ecological displacement of native penaeid species. Another risk exists from the introduction of diseases. The penaeid species native to the waters of the eastern United States show a high susceptibility to some of the diseases that plague aquaculture facilities, and some of these diseases have been reported in wild populations (Naylor et al., 2000; McIlwain et al., 2002) . The outbreak of disease is capable of decimating a shrimp population to the point where a commercial fishery is no longer viable (Lightner et al., 1992) .
The high level of genetic diversity extant in this species may help to buffer it from the detrimental genetic effects of all but the most severe population declines. However, the high rate of exploitation, especially of immature individuals harvested for use as bait, could exacerbate the magnitude of natural population fluctuations and thereby reduce the effective population size over time (Koljonen, 2001 ). In addition, wild populations of pink shrimp remain vulnerable to the various effects of regional aquaculture. Genetic monitoring of this species in the future could help to identify negative effects on genetic diversity caused by the fishery or aquaculture.
